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ABSTRACT: Electrokinetic transport of a charged dye within a
free liquid film stabilized by a cationic surfactant, trimethyl-
(tetradecyl)ammonium bromide, subjected to an external electric
field was investigated. Confocal laser scanning microscopy was
used to visualize fluorescein isothiocyanate (FITC) separation
within the stabilized liquid film. Numerical simulations were
performed using the finite element method to model the dynamics
of charged dye separation fronts observed in the experiments.
Because of the electrochemical reactions at the electrodes,
significant spatial and temporal pH changes were observed within
the liquid film. These local pH changes could affect the local zeta
potential at the gas−liquid and solid−liquid film boundaries;
hence, the flow field was found to be highly dynamic and complex. The charged dye (FITC) used in the experiments is pH-sensitive,
and therefore, electrophoresis of the dye also depended on the local pH. The pH and the electroosmotic flow field predicted from
the numerical simulations were useful for understanding charged dye separation near both the anode and the cathode.
■ INTRODUCTION
Electrokinetic phenomena in foams, free liquid films, and
surfactant-laden interfaces have gained significant interest over
the recent years because of their broad application potential in
biophysics1−3 and engineering.4 Foam is a two-phase colloidal
system made by entrapment of gas in a continuous liquid
phase. In foam, drainage occurs because of gravity and capillary
forces where liquid between the gas bubbles flows through
Plateau borders, nodes, and films.5−8 Plateau borders contain a
higher liquid content compared to that of foam lamella; hence,
they play a key role in transporting the material across foams.
In ref 3, the authors used a free liquid film (∼180 μm thick)
stabilized by surfactants to model the electrokinetic flow inside
Plateau borders. The authors of refs 4, 9−14 investigated
hydrodynamic flow rotation within a free liquid film that arises
from induced free charges on the film surface because of
capacitively coupled plates and electric current passing through
the film, also known as liquid film motor. In ref 15, the authors
reported reverse drainage of a foam bubble sandwiched
between two platinum plates subjected to an electric field.
The fluid flow within the liquid film was driven by the
electroosmotic flow transporting fluid from the bottom
reservoir to the top electrode stabilizing the bubble against
drainage.16 Fluid flow induced in a soap film by nonuniform
alternating electric fields applied by two parallel electrodes
placed perpendicular to the suspended film was reported in ref
17. Two configurations were investigated: in case I, both
electrode tips were placed 0.5 mm away from the film
(disconnected from the film), and in case II, one electrode tip
was touching the film, while the other was disconnected. In
both cases, the liquid motion was caused by electro-
hydrodynamic induction, and the resultant flow field depended
on the signal frequency and the film thickness.17 An
experimental study on electroosmotic flow stabilization of a
vertical free liquid film supported by two electrodes was
presented in ref 18. According to ref 18, the imposed electric
field resulted in (i) surface charge redistribution and
corresponding changes in the surface elasticity, (ii) electro-
osmotic force in the diffuse layer, and (iii) pressure build-up
close to the electrodes where electroosmotic flow is developed.
In microfluidics and nanofluidics, electric fields can be used
to manipulate fluid flow in small channels,13 and the resultant
electrokinetic transport has its origins near the interfaces. The
nature of these interfaces significantly influences the electro-
kinetic phenomena.16 While significant advances have been
made in the understanding of electrokinetic transport near
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solid−liquid interfaces,19 understanding of these phenomena in
the vicinity of gas−liquid interfaces is not fully understood.15
Electrokinetic transport at gas−liquid interfaces differs from
that of solid−liquid interfaces because of complicated
hydrodynamic boundary conditions that exist in the case of
deformable gas−liquid interfaces.20 If the gas−liquid interfaces
are stabilized by surfactants, then friction between the liquid
flow and ion motion in the bulk liquid from one hand and
interfaces covered by surfactants from the other should be
taken into account.16 Furthermore, gas−liquid interfaces can
deform because of capillary waves and consequent changes in
the charge distribution should be considered.21
The main purpose of this study is to extend the
understanding of electrokinetic transport in freely suspended
liquid films and foams with the aim of developing a separation
system for biological molecules. In most previous studies, the
effects of local pH changes on liquid films subjected to an
external electric field are not taken into account. However, pH
can have a significant effect on the transport processes because
of large surface-to-volume ratios in films and foams: pH
sensitivity of both liquid−air and liquid−solid interfaces and
zeta potential of suspended dye particles. Therefore, transport
of a charged dye in a freely suspended liquid film, which is pH-
sensitive, is investigated below using the experimental setup
reported earlier in refs 2, 3, 22. Numerical simulations are
performed to understand the observed dye separation front.
This paper is organized as follows: in the next section, the
experimental setup for dye visualizations is presented with an
additional equipment for measuring pH variations in the
vicinity of electrodes; details of the numerical model are also
presented in the same section; and results from the
visualization experiments and numerical simulations are
discussed and compared in the final section.
■ MATERIALS AND METHODS
Solution Preparation. The test solutions were prepared by
mixing 50 g of Milli-Q water (15 MΩ·cm deionized water) with 50 g
of glycerol (Sigma-Aldrich, UK) to make the base solution; then, 89.3
mg of the cationic surfactant trimethyl(tetradecyl)ammonium bro-
mide was added; additionally, 200 μL of 1 M phosphate buffer
solution (Sigma-Aldrich, UK) was added to the solution to adjust the
bulk solution molarity to 2 mM. Finally, fluorescein isothiocyanate
(FITC) and rhodamine B (RB) dyes were added to provide 0.5 mM
dye concentration in the test solution. The viscosity of the test
solution was measured using a rheometer (Thermo Scientific Orion
Star A215).
Experimental Setup. The experimental setup used for the
experiments was fabricated by joining 3 mm borosilicate glass rods
with 2 mm platinized (Pt) titanium rods (Ti-shop, William Gregor,
London, UK) to form a rectangular gap for suspending the liquid film,
as shown in Figure 1b. Prior to the experiments, the film holder was
cleaned with deionized water to remove any contaminants. The film
holder was prepared for visualization experiments by wetting the
frame with the test solution and then removing any excess liquid held
on the frame by a quick burst of compressed air. This step is
important to get all rods and electrodes to be covered by an adsorbed
layer of surfactants. After this step, a free liquid film was formed
within the frame gap by placing ∼9 μL of the test solution using a
micropipette (Eppendorf) and gently moving it across the other end.
The free liquid film formed in this frame was in direct contact with the
parallel Pt electrode rods and connecting glass rods, as shown in
Figure 1b. The surface tension forces held the free liquid film in the
frame. The frame was then placed on the confocal laser scanning
microscopy (CLSM) stage such that the free liquid film is oriented
horizontally (Figure 1a). The top and the bottom interfaces of the
liquid film were exposed to air. The Pt electrodes were connected to a
dc power source (Thurlby Thandar PL30QMD), and an electric
potential difference of 12 V was applied across the film. The
experimental setup is presented in Figure 1.
An additional experiment was performed to investigate the spatial
and temporal variation of pH for comparison with that predicted from
the numerical simulations. The test solutions and the films were
prepared in the same way as discussed above. Additionally, two
universal pH indicators with different pH sensitivities were added to
the solution to monitor pH changes within the liquid film. The
general-purpose grade universal indicator acquired from Fisher
Scientific was found to be more sensitive under acidic conditions,
whereas RAL Diagnostics universal indicator was found to be sensitive
under alkaline conditions. Therefore, two separate experiments were
carried out to monitor the pH changes at the electrodes, and the
results were combined to represent the entire liquid film. The
experimental setup for pH monitoring is shown in Figure 2. A dual
fiber light-emitting diode light source (Kern Stereo Microscope
Illumination OZB-A4515) was used for illumination, and a charge-
coupled device camera (Point Grey CM3-U3-13Y3M-CS) was used
to record events inside the entire liquid film. Electrodes were
connected to the same dc power source (Thurlby Thandar
PL30QMD) used in the dye visualization experiments, and a potential
difference of 12 V was applied across the film. The value of the
potential difference applied was selected such that it induces sufficient
electroosmotic flow within the film, while gas bubble generation at the
electrode due to reactions was kept to a minimum.
Figure 1. Experimental setup. (a) Confocal laser scanning microscope. (b) Film holder for suspending the free liquid film horizontally.
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Numerical Model. Numerical simulations were performed using
the finite element method (FEM) in Comsol Multiphysics 5.3a. The
relevant equations for this problem are the continuity equation and
Navier−Stokes (NS) equation for the fluid flow, conservation of
species equation for mass transport, and Laplace’s equation for the
electric potential. The computational geometry was constructed by
CLSM, as described in ref 3. The computational domain and the
relevant boundary conditions are shown in Figure 3.
The electric double layer (EDL) thickness for the experiments was
estimated to be 4 nm, which is much smaller than the minimum
thickness of the suspended liquid film. Therefore, it is harder to
resolve for the flow and charge distribution within EDL using a single
mesh. To circumvent this problem, the presence of EDL was
considered through slip velocity as in refs 23 and 24 for a microfluidic
T-junction. Because the charge at the surfactant-covered interfaces/
solid surfaces is balanced by counterions from the solution, the net
electric charge at the interface is zero. Electroneutrality in the bulk
solution allows Laplace’s equation to be used within the liquid bulk as
a first approximation. It is assumed that the liquid has sufficiently
uniform electrical conductivity throughout the flow domain.
The electric field generated within the free liquid film due to the
applied electric potential difference at the electrodes was determined
by Laplace’s equation
ε ε∇· =E( ) 0o r (1)
ϕ= −∇E (2)
where εo is the absolute permittivity of vacuum, εr is the relative
permittivity of the test fluid, E is the electric field, and ϕ is the electric
potential. Within the bulk of the liquid film, the space charge density
is zero because of the electroneutrality condition outside the EDLs.
The boundary conditions were defined as (i) electric potential at the
liquid−electrode interface, that is, ϕy=0mm = 12 V and ϕy=7.5mm = 0 V,
and (ii) zero electric charge at the gas−liquid and solid−liquid
interfaces.
The charge at the surfactant-covered interfaces is balanced by
counterions from the diffusive part of the EDL; hence, the net electric
charge at interfaces was set to zero for computing the electric field. By
combining eq 1 and condition (ii), the normal stresses at the gas−
liquid interface caused by the electric field become zero.
The chemical reactions that occur within the flow domain included
hydrolysis of water at the electrodes. We assume that the current is
transferred solely by H+ and OH− ions in the solution. This allows us
to simplify possible electrode reactions. At the anode, H+ ions are
released because of oxidation of water (eq 3). This leads to a drop in
pH in the vicinity of the anode. At the cathode, excess positive charges
are balanced by OH− ions produced at that electrode because of water
reduction (eq 4); hence, the local pH increases. As a consequence, a
pH gradient is developed along the free liquid film initially. However,
the instantaneous pH at any location within the domain is determined
by the transport of ions, mainly because of electromigration, fluid
convection, and further chemical reactions. The relevant chemical
reactions are
→ + ++ −2H O 4H 4e O2 2 (3)
+ → +− −4H O 4e 2H 4OH2 2 (4)
In the bulk of the film, the following reactions take place
→ ++ −KH PO K H POk2 4 2 4
f
(5)
+− + −FH PO H HPO
k
k
2 4 4
2
2
1
(6)
++ − FH OH H O
k
k
2
4
3
(7)
where kf is the rate constant for reaction 5; k1 and k2 are the forward
and reverse rate constants for reaction 6, respectively; and k3 and k4
are the forward and reverse rate constants for reaction 7, respectively.
We assumed that the buffer H2PO4K is a strong electrolyte and
dissociates completely. The dissociation of the buffer is represented
by 5. The local pH is then calculated as pH = −log10(cH+), where cH+ is
the H+ concentration in mol/L. The initial concentrations of H+ and
OH− within the domain were set according to deionized water.
∇· =u 0 (8)
The governing equations for the fluid flow are continuity and
incompressible NS equations for laminar flow
ρ η·∇ = −∇· + ∇ + ∇ +u u u u FpI( ) ( ( ( ))) ivfT (9)
where u is the velocity vector, p is the pressure, I is the identity matrix,
η is the dynamic viscosity, and Fivf is the body force exerted on the
liquid by the electric field because of the presence of ions.
∑= ·F E F z c( )ivf i i (10)
where ci is the concentration of species i, zi is the electric charge, and
F is the Faraday constant. In the bulk of the liquid film, the
electroneutrality condition is held, that is, Fivf is nonzero only in the
EDLs. At low Reynolds numbers (Re ≪ 1), eq 9 can be rewritten by
considering the electroneutrality condition as
η= −∇· + ∇ + ∇u upI0 ( ( ( )))T (11)
For the fluid flow, no-slip boundary condition was set at the
electrode surfaces. At the other liquid film boundaries (i.e., at the
surfactant-covered air−liquid and glass−liquid boundaries), slip
velocities were determined according to the Helmholtz−Smoluchow-
ski relationship.19 Slip velocities at gas−liquid (uG/L) and solid−liquid
(uS/L) are given by
ε ε ψ η ε ε β η= − = −u E u E/ ; /t tG/L r 0 0 S/L r 0 0 (12)
Figure 2. Experimental setup for monitoring local pH changes within
the free liquid film.
Figure 3. Computational domain and the boundary conditions used
for the numerical simulations (NS: Navier−Stokes, ES: electrostatics,
and MB: mass balance). Redrawn from ref 3.
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where ψ0 and β0 are zeta potentials at the surfactant-covered gas−
liquid and solid−liquid interfaces, respectively, and Et is the tangential
electric field at the interfaces. The slip velocities for the film
boundaries calculated from eq 12 are different at gas−liquid and
solid−liquid interfaces because of the difference in zeta potential (β0,
ψ0) at each interface. The EDL thickness for the system was estimated
to be 4 nm; therefore, the Helmholtz−Smoluchowski relationship25
was used to calculate the slip velocities according to eq 12. The gas−
liquid interfaces were assumed to be tangentially immobile as they
were completely covered with surfactants at concentrations above
critical micelle concentration.26,27
The conservation law of the species i = H+, OH−, K+, H2PO4
−, and
HPO4
2−is described by the following equations
∑∂∂ + ∇· =
c
t
J Ri i i (13)
where fluxes Ji of corresponding ions are
ϕ= − ∇ + ∇ + ·i
k
jjj
y
{
zzz uJ D c
Z c F
RT
ci i i
i i
i (14)
where Di are the diffusion coefficients, Ri are the generation or sink of
species i according to reactions 5−7, and ϕ is the electric potential
given by eqs 1 and 2; F, R, and T are Faraday constant, gas constant,
and temperature in K, respectively. The terms in eq 14 account for the
species transport because of diffusion, electromigration, and fluid
motion and species sink or production, Ri, in eq 13 because of
chemical reactions, respectively. The boundary conditions for eq 13
are set as follows. The fluxes of ions H2PO4
−, HPO4
2−, and K+ at the
anode, cathode, glass rods, and gas−liquid interfaces (defined as all
boundaries) are zero
= = − − +N K0, i H PO , HPO ,i,all boundaries 2 4 4 (15)
It is assumed that the electric current is transferred by H+ and OH−
ions alone. Hence, at the anode
=+J I
FAH s (16)
and at the cathode
= −−J I
FAOH s (17)
where I is the measured electric current through the film and As is the
surface area of the electrode in contact with the liquid film.
Equation 13 includes chemical reactions described by 5, and their
reaction kinetics are described by rate constants for the forward (kf,
k1, and k3) and the reverse reactions (k2 and k4). It was assumed that
reactions 5−7 are much faster than the rate of species transport
described by eq 13. Therefore, equilibrium constants were used in
specifying these reactions in the bulk liquid (see Table 1). The
mobility values of charged species were obtained from the Einstein
relation.
Galerkin FEM was used to solve the model in COMSOL
Multiphysics 5.3a. The 3D computational geometry was discretized
using tetrahedral mesh elements. First, the continuity eq 8, NS eq 11,
and Laplace’s eqs 1 and 2 were solved simultaneously for a steady-
state solution. This solution was then used to solve the conservation
of species equation of nonsteady-state transfer (eq 13). Mesh-
independent solutions were obtained on an Intel Core i5 64-bit 2.7
GHz processor using a mesh density of 64,452 elements. The number
of degrees of freedom for solving fluid flow and the electric field was
3,618,732, and the subsequent computation for convection−diffusion
equation with the relevant reactions was 5,923,036. The computa-
tional time was ∼1 h for simultaneously solving the fluid flow and the
electric field. It took ∼4 h for solving the species transport equation.
■ RESULTS AND DISCUSSION
Confocal laser scanning images captured from the electro-
kinetic transport of charged fluorescent dye (FITC) inside the
free liquid film are shown in Figure 4. To analyze the dynamic
behavior of dye transport, the liquid film is divided into three
separate regions, that is, near the anode (region A), mid-part of
the liquid film (regions B and C), and near the cathode (region
D).The test solutions were made with the FITC dye, which
carries a positive or a negative charge depending on the
solution pH. The FITC dye is widely used for imaging
separation in capillary electrophoresis and associated electro-
kinetics of biological molecules. The FITC molecular structure
enables labeling of biological molecules such as proteins, DNA,
or cells34,35 without damaging them. The FITC dye undergoes
some protolytic reaction depending on the local pH of the
solution and attain an overall charge of +1 (at highly acidic pH
≈ 2), neutral (at pH ≈ 4), and −1 and −2 (at pH > 6.8).36−38
Under the experimental conditions, initial pH was set to 7.2
using a phosphate buffer at a concentration of 2 mM. At this
pH, the overall charge of FITC is negative 2. However, H+ and
OH− ions produced at the electrodes significantly change the
solution pH near the anode and the cathode, causing a
different dye charge at the electrodes (see Figure 9), and
reactions 3 and 4 change the pH in the bulk of the liquid film.
Neutral dye RB was added to the solution to locate the film
boundaries and to confirm that the liquid film did not rupture
throughout the experiment. Based on their emission spectra,
FITC and RB dyes appear green and red, respectively, in the
CLSM videos. Both dyes are transported within the liquid film
because of the convective flow, but electrophoresis of the
charged dye (FITC) results in the formation of exclusion zones
for FITC, areas where FITC is not present or hardly visible.
Because these experiments were performed in a suspended
liquid film that is, in a closed domain, the reverse flow is also
present, and the shape of the FITC dye separation front was
found to be highly dynamic and complex.
The surfactant used in these experiments, myristyl
trimethylammonium bromide (MTAB), is a cationic surfactant
that generates a positive surface charge at both the solid−liquid
and the gas−liquid interfaces; hence, the diffusive part of the
EDL predominantly consists of negative ions at the solid−
liquid and gas−liquid interfaces.39 The electric field within the
liquid film due to the applied electric potential at the
electrodes is shown in Figure 5a. As a result, electroosmotic
flow is developed toward the anode in the vicinity of the gas−
liquid and solid−liquid interfaces and near the film axis where
the film is thinnest within the domain (see Figure 5b). To
maintain continuity of flow within the closed flow cell, a
backflow is developed away from the electroosmotic flow
regions where the film is thickest. However, near the
electrodes, the film thickness (h) is much higher than that at
Table 1. Reaction Rate Constants and Diffusivity of Species
symbol value [unit] description references
pK1 2.12 KH2PO4 → K
+ + H2PO4
− 28
pK2 7.21 H2PO4
− ⇌ H+ + HPO4
2− 28
pK3 14.0 H
+ + OH− ⇌ H2O 29
D1 9.312 × 10−9 [m2/s] diffusivity of H+ 30
D2 5.26 × 10−9 [m2/s] diffusivity of OH− 30
D3 2.113 × 10−9 [m2/s] diffusivity of K+ 31
D4 1.27 × 10−9 [m2/s] diffusivity of KH2PO4 32
D5 0.88 × 10−9 [m2/s] diffusivity of H2PO4− 33
D6 0.94 × 10−9 [m2/s] diffusivity of HPO42− 33
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the mid-section of the suspended film; hence, electroosmotic
flow is limited to the film boundaries near the electrodes.
The complex dye separation front observed within the free
liquid film (as shown in Figure 4) is caused by a combination
of several effects. First, the local pH within the flow domain
varies because of the electrochemical reactions that occur at
the electrodes and transport of ions produced at these
locations with the fluid flow. Second, the zeta potential at
the film boundaries, which determines the electroosmotic flow,
is affected by the local pH; hence, the flow field will undergo
changes with time. Note that this phenomenon was not taken
into account in our numerical simulations above. Third, the
direction and the velocity magnitude of the FITC dye
electrophoresis depend on the charge state of the dye locally
that depends on the local pH. The overall charged dye
transport is determined by the combination of fluid flow and
dye electrophoresis. The presence of a buffer may limit pH
changes in the electrode region initially, but the finite buffering
capacity is not sufficient to resist pH changes for a relatively
long period of time, such as under our experimental conditions.
To complicate matters further, geometric variation of the film
cross section near the electrodes changes the magnitude of the
electric field, which influences the observed dye front as it
moves away from the electrodes. For these reasons, numerical
simulations were performed to understand and analyze the dye
separation front observed. However, zeta potential at the film
boundaries was kept constant according to the buffer pH in the
numerical simulations for simplicity.
Near the anode (region A), the pH was found to be highly
acidic because of H+ ions produced by water reduction (eq 3),
as shown in Figure 6b. Therefore, the charge of the FITC
molecules would be positive, which explains the migration of
Figure 4. Dynamic nature of the dye separation front in a freely suspended liquid film under an applied electric field observed using CLSM. The
emission colors red and green represent RB and FITC, respectively.
Figure 5. Results from the numerical simulations for a freely suspended liquid film stabilized by the cationic surfactant MTAB. (a) Components of
the electric field (V·m−1) for plane z = 0, where plane z = 0 is the mid-depth of the thinnest part of the film. (b) Fluid velocity field in y-direction
because of combined electroosmotic flow and backflow in the mid-film region (m·s−1).
Figure 6. FITC dye separation front at the anode region and the
corresponding pH profiles. (a) Time evolution of the experimental
FITC dye separation front. Arrows represent the local flow direction.
(b) Solution pH obtained from the numerical simulations. The anode
is located ∼200 μm to the left of the analysis window shown here.
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the dye away from that electrode creating a FITC exclusion
zone, as shown in Figure 6a. In this mid-depth plane analyzed
(z = 0), fluid flow is toward the anode at the center of the film,
whereas the backflow is directed away from the anode located
in between the film center and the glass rods, as shown in
Figure 5. This fluid convection pattern causes the dye
separation front to bend as it moves away from the anode.
The solution pH map shown in Figure 6b also follows a similar
pattern to the dye front because of fluid convection.
The FITC dye behavior near the cathode region D is shown
in Figure 7a. At this location, the dye separation looks different
from that observed at the anode region. A bright FITC dye
front is observed moving away from the cathode, but no
exclusion zone is created as it moves away from that electrode.
According to ref 36, the highest luminescence intensity of
FITC appears under alkaline condition, whereas lowering the
pH reduces the luminescence intensity. Electrochemical
reactions at the cathode produce OH− ions and create alkaline
environment in the proximity of that electrode. This causes the
FITC dye to charge negatively and move away from the
cathode. As observed at the anode, this bright dye front bends
away from the cathode near the central axis because of fluid
motion. The local pH variation near the cathode obtained from
the numerical simulations is shown in Figure 7b. The similarity
between the pH variation and the FITC dye concentration
near the cathode supports our conjecture but does not explain
why a gradual FITC dye concentration gradient is established
from the bright dye front to the electrode despite being
negatively charged. As mentioned earlier, FITC dye molecules
acquire a charge of either −1 or −2 at pH above 6.8;36−38
therefore, it is possible that the electrophoretic velocity and
repulsion are proportional to their charge state.
The FITC dye behavior in the mid-film regions (B) and (C)
is shown in Figure 8a,b, respectively. The corresponding pH
profiles determined from the numerical simulations are shown
in Figure 8c to explain the dye transport observed. As the
FITC dye exclusion front developed at the anode approaches
the mid-part of the film, the separation front accelerates at the
film axis inverting the shape of the separation line, as shown in
Figure 8a. This is due to the reduction in cross-sectional area
from the electrode to the mid-section of the film. According to
the numerical simulations, a pH gradient is established from
the anode to the cathode because of generation of H+ and
OH− at each electrode and transported along the liquid film.
As the electrochemical reactions occur continuously and
reaction products are carried by the fluid motion, low pH
(∼3) and high pH (∼9) zones will extend from their respective
electrodes to the mid-part of the film, as shown in Figure 8c.
As the low pH front moves toward the cathode, FITC is
prevented from entering this zone as any dye molecule
entering this region would make it positively charged; hence, it
undergoes electrophoresis in the opposite direction, that is,
toward the cathode. The existence of the film in this FITC
exclusion region (areas that appear black in images) is verified
by the RB dye. After the initial 250 s of the experiment, the dye
separation front originated from the anode and the bright,
highly concentrated dye front that initiated from the cathode
collided in region C, as shown in Figure 8b. The brightly
colored dye front that arrived from the cathode then wraps
around the FITC exclusion zone before this separation line
move toward the cathode. The mixing of the two pH fronts
and the pH map at longer time periods is unpredictable and
Figure 7. FITC dye separation front at the cathode region and the
corresponding pH profiles. (a) Time evolution of the experimental
FITC dye separation front. Arrows represent local flow direction. (b)
Solution pH obtained from the numerical simulations. The cathode is
located ∼200 μm to the right of the analysis window shown here.
Figure 8. (a) FITC dye behavior in the mid-film region B, (b) FITC dye behavior in the mid-film region C, and (c) time evolution of pH in region
B determined from the numerical simulations.
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complex because of the asymmetry of the flow arising from
geometric variations and flow perturbations. For this reason,
repeated experiments showed some variations in the dye fronts
at the mid-section of the film, but the features of the separation
fronts remained the same.
Because the solution pH undergoes spatial and temporal
variations, it is necessary to consider how this would impact
the instantaneous flow field. The suspended liquid film is
primarily held in place by two borosilicate glass rods, while the
top and the bottom boundaries of the film are exposed to air.
The electroosmotic flow within this film is predominantly
determined by the zeta potential at the gas−liquid and solid−
liquid interfaces, which strongly depends on the local solution
pH. Even though the effect of pH on local zeta potential at
these boundaries was not measured, it is possible to
guesstimate these from the literature. The type of silicate
used in microfluidic devices, for instance, microcapillaries and
microchips, is different; however, their zeta potential at the
solid−water interface does not differ significantly.40,41 Refer-
ence 42 demonstrated that the pH at isoelectric point (IEP) is
virtually the same for various silica samples. They observed
negative zeta potentials above the pH of ∼2.5 (IEP), and the
negative potential gradually increased with solution pH. Below
the IEP, positive zeta potential values changed significantly for
a small change in pH. Addition of cationic surfactants to a
solution tends to increase the zeta potential at glass−solution
interfaces, and as the concentration of the surfactant increases,
the negative zeta potential value would reduce until it reverses
from negative to positive.18 Similarly, ref 43 demonstrated that
addition of a cationic polymer surfactant to a solution causes
the gas−liquid zeta potential to change from negative to
positive at relatively high pH of ∼8. Furthermore, they found
that the zeta potential at the gas−liquid interface is highly
sensitive to pH (at pH > 6) when a cationic surfactant is
present. Therefore, electroosmotic flow will be subjected to
significant local changes during the experiment as opposed to
constant slip velocity assumed in the numerical simulations,
that is, changes in the electroosmotic slip velocity magnitude as
well as the flow direction. There is a strong two-way coupling
between the local pH at the boundary and the electroosmotic
flow; therefore, it is difficult to predict the instantaneous flow
field and the FITC dye front behavior observed in the mid-
section of the film. Because local zeta potential variations were
not accounted for in the numerical simulations, pH profiles
presented in Figure 8c could deviate significantly from the
actual values.
The pH variations within the liquid film monitored using a
universal pH indicator are shown in Figure 9. The figure shows
images taken from above the free liquid film at different times;
therefore, color changes observed represent average pH
variations for the entire film thickness. Note that the FITC/
RB dye images presented in Figures 4, 6a, 7a, and 8a,b from
CSLM were resolved to a film thickness of ∼8.5 μm compared
to the entire depth average result presented in Figure 9. Also,
note that both pH indicators are not sensitive around the
neutral pH range; therefore, no noticeable color change is
observed outside its sensitive range. As expected, pH indicators
showed acidic conditions at the anode because of high
concentration of H+ ions and alkaline conditions at the
cathode because of high concentration of OH− ions, both due
to electrochemical reactions at the electrodes. Furthermore,
the shape of the low pH and high pH zones closely resembles
pH maps predicted by the numerical model in the vicinity of
the electrodes. At first, this result may look obvious; however,
considering the complex coupling between the local pH, zeta
potential at the film boundaries, electroosmotic flow, and
FITC dye electrophoresis, evidence is required to validate the
assumptions used. These observations presented in Figure 9
confirm pH changes in the system despite the use of a buffer.
To study any topological changes that could occur during
the experiment, the film thickness was measured in three
selected locations, mid-film region (region B) and near the
electrodes (regions A and D), with and without the electric
field for several minutes. Results are shown in Figure 10. It was
noted that the film thickness reduced in all three locations
because of evaporation from the gas−liquid interface.
However, no noticeable difference in film thickness was
observed because of the presence of the electric field. Because
the shape and the cross section of the film remained similar to
the geometry shown in Figure 3, flow features remained
unaffected by these topological changes during the dye
observation experiments.
The pH changes observed in the film are nontrivial and have
not been considered in many previous studies including refs 2
and 3. In flow visualization of such systems using micron
resolution particle image velocimetry (μ-PIV), the zeta
potential at the seed particle surface would be unknown,
especially near the electrodes where pH changes are not
suppressed by the buffer. The pH changes would impact the
foam electrokinetic separation efficacy of proteins and charged
dyes. Therefore, the effects of pH variations on the flow field
and dye separation in a freely suspended liquid film observed
here are useful in developing a foam electrokinetic separation
system. In addition, electric field variations within the liquid
film were noteworthy because of the complex geometric shape
Figure 9. Local pH within the free liquid film under an applied
electric field measured using universal indicators; the blue color shows
the generation of OH− and the red color represents the generation of
H+.
Figure 10. Film thickness measurements in the mid-film region
(region B) and near the electrodes (regions A and D) with and
without the electric field.
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of the suspended film. The effects of foam drainage due to
gravity should also be considered when developing a foam
electrokinetic separation system. Therefore, further studies are
necessary to improve the numerical model to incorporate pH
effects on the local zeta potential and other complexities
mentioned above.
■ CONCLUSIONS
The effects of pH changes on electroosmosis and dye
electrophoresis in a freely suspended liquid film stabilized by
a cationic surfactant subjected to an external electric field were
investigated. Despite the use of a buffer solution, spatial and
temporal pH changes were found to affect the electroosmotic
flow field and dye electrophoresis throughout the entire flow
domain. It was demonstrated that a charged dye within a
suspended liquid film can be separated from the bulk liquid by
using an external electric field, but liquid mixing that occur
within a closed flow cell and associated pH changes within the
domain can be an issue maintaining the separation for long
time periods. The numerical simulations performed in this
study assumed constant zeta potentials at the gas−liquid and
solid−liquid interfaces despite local pH changes; yet, it showed
reasonable agreement with the experimental flow features
observed. However, in order to accurately predict complex
flow field within electrokinetic separation systems, pH changes
and consequent changes in zeta potentials should be taken into
account. This study also envisages the difficulty in accurate
flow measurements in electrokinetic systems using μ-PIV as
electrophoresis of seeding particles constantly change with
local pH.
The main purpose of this study was to analyze dye
separation behavior in a small section of foam, that is, in a
geometry similar to a plateau border, with the view of
extending the results to design a 3D foam separation system.
There are several implications from this study for designing
such a system. First, it is clear that the duration of the electric
field should be limited to achieve a required separation. Long-
term operation could lead to liquid mixing and reduced
separation efficiency. Second, local pH changes near the
electrodes are unavoidable, despite the use of buffers.
However, the bulk of a 3D liquid foam away from the
electrodes may be unaffected by these pH changes for a limited
time, which could be exploited to maintain predictable
conditions. For instance, the mixture to be separated can be
injected to the mid-part of a foam column, and the separation
process can be terminated well before the separated molecules
reach zones affected by the electrodes. Further experimental
and computational work is necessary to translate this study
into a full 3D foam separation system.
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